Population and income growth determine increasing demand for agricultural products, especially food products; and agricultural production requires land. Preoccupation about how to feed an increasing population, and concern about possible scarcity of suitable land, are frequently expressed in the context of food security. This paper analyses historical trends in growth of agricultural production (total and per capita, at world level and for major regions) during the half century since 1961, and the relative contributions to such growth coming from additional land and from increased land productivity, and summarises the latest studies on availability of extra suitable land. The conclusions are mostly positive: production has been growing steadily ahead of population, causing a rising tendency in agricultural and food output per capita; such growth has been achieved with very little addition of extra land; land use for agriculture peaked around 1990 and has been stagnant or declining since; extra land contributed just about 5% of agricultural output growth from 1961 to 2011, and almost nothing in the latest decades. On the other hand, land suitable for rain-fed crop production that is not forested, not builtup, not otherwise protected, and not yet cropped, is quite abundant. Projections of future agricultural growth under very conservative hypotheses do not envisage much increase in the use of extra land anyway. The world produces more than enough food relative to the needs of the world's population, and is very far from running out of land to sustain agricultural growth in the future, even if progress in productivity should slow down in the coming decades. Hunger regrettably exists, albeit with decreasing prevalence, but it is not due to insufficient production of food or to scarcity of agricultural land.
from 2.63% to 2.24% for all farm products, and from 2.68% to 2.33% in the case of food products; but they re-accelerated in the 2000s achieving a record speed of 2.80-2.81% in 1999-01 to 2009-11. Overview of food access and nutrition. This paper is about food production, not food demand, food access or nutrition; however, it should be noted that increase in food output translates into increased food consumption. Even if part of the output ends up elsewhere (as fodder, feedstock for biofuels, or just waste). It has also translated into improved access to food, due to parallel increases in incomes. As per FAOSTAT data on food security, per capita net dietary energy supply (food delivered for consumption, deducting waste and non-food uses of food products) has increased from 2194 daily kilocalories per person in 1961 to 2868 in 2011, an increase of 30.7%. Protein supply grew from 61 to 80 grams per person/day (+30.6%); non-cereal food passed from 1108 to 1572 kcal per person/day (+42%), indicating shifts in dietary patterns away from staple food. Consumption of major non-staple foods have gone significantly up, such as meats (from 23 to 42 kg per person/year) and especially poultry meat (from 2.9 to 14.4 kg per person/year). In developing countries the prevalence of undernourishment (percentage of people with habitual access to an amount of dietary energy that is below the minimum required to keep in good health) was over 30% in 1969 -71 (FAO 1996 , fell to 23% in 1990 -92, and to 14.3% in 2011 -13 (FAO-SOFI, 2013 , even as the population of developing countries practically doubled in the meantime. Thus agriculture and food production more than trebled in fifty years, and production per capita increased nearly by half, even if that was the period of fastest population growth in the history of mankind. How was that remarkably successful outcome achieved? Is humankind perhaps straining and rapidly exhausting all available land for this enormous increase in agricultural production to cope with unprecedented population growth? How much growth came from using extra land and how much from increases in productivity? Are humans in danger of running out of land to feed a growing world population? How much land is left untapped? Ever since Malthus, one major and frequent concern about the food situation and prospects has been the limited amount of land available for food production. As population grows, it is in principle expected that farmland would need to expand, possibly onto less fertile areas or onto land intended for other purposes, or not suitable for agriculture, or meriting protection (e.g. forests and other wildlife areas). According to this line of reasoning, agricultural growth means that land used for agriculture must be expanding, at the same or faster pace than production, and land productivity probably decreasing as less fertile land is tapped for farm production. As world population has been growing quite fast, and has already reached about seven billion, a related concern is that additional land will be needed, and we may be running out of available land. It is thus encouraging to learn the following, rather counter-intuitive facts:
(a) Land used for agricultural production (crops or livestock) is not expanding; it grew only slightly and rather slowly from 1961 to the early 1990s, and did not increase thereafter; it has been in fact decreasing lately, in spite of rapid increase in agricultural output. (b) Along the latest half century, increasing output per unit of farmland accounted for about 95% of growth in agricultural production (crops and livestock). (c) The same is valid as regards only crops and cropland: land used for crops did not increase significantly in recent decades (just 10% in fifty years), whilst crop output trebled. Almost all growth in crop production came from increased crop output per hectare of cropland, as a result of three related processes: higher cropping intensity (more harvested hectares per hectare of cropland), increasing yields (more tonnes per harvested hectare) and finally a shift of the crop mix towards more valuable crops (more value per tonne, at constant and uniform prices). (d) Humans are not running out of land suitable for crop production. There is a large area of land suitable for rain-fed crops that is not as yet used for crops, and may potentially be used, even not counting possible expansion of irrigation and not encroaching onto forests or otherwise protected land. In fact, more than one half of all usable land that is suitable for crops is not as yet used for crops. (e) Even assuming a slow-down in future productivity growth, just a minor increase in crop area is expected or projected to occur in the coming decades, a period in which world demand for agricultural products is projected to increase over 50%, and production is expected to match that increased demand.
Support for these claims is presented below. Our aim is to assess the relative importance of major factors contributing to the growth in agricultural output during the latest half century. We do not seek an explanation in terms of so-called 'factors of production' within the neoclassical theory of economic growth (typically capital, labour and technological change), mostly because such data are, for most countries, either unavailable or unreliable. The goal here is to ascertain whether (and to what extent) agricultural and farm output growth resulted from the use of more land or from higher productivity of land; it further looks at cropland productivity as the outcome of changes in several components such as crop yields, cropping intensity, and changes in the crop mix.
Agricultural land use

Major uses of agricultural land
Land is of course a major factor of agricultural production. Agricultural land (or farmland for short) is any land used for growing crops and raising livestock. It comprises land used for crops or pasture. Land used for crops (cropland for short) is the sum of arable land (used for temporary crops) plus land with permanent crops. A third category is land with permanent meadows and pastures (grassland for short), either naturally-grown or cultivated. Key concepts about crops are yields and harvested area. Yields refer to output (in metric tonnes) per harvested area. 'Area harvested' is the sum of all areas that have been harvested in a given year; its definition differs between temporary and permanent crops. A given plot of arable land may be harvested more than once per year if two or more temporary crops are successively grown on it; thus a single hectare of arable land may translate into more than one harvested hectare. Some arable land, on the other hand, may not be harvested at all in a given year due to crop failure, temporary fallow, or other reasons. Instead, each hectare of land with permanent crops is counted only once as harvested, even if the gathering of products occurs at various or extended periods along the year.
In this paper we analyse growth in total farm production (products from crops and livestock) in relation to farmland (cropland and grassland), and growth in crop production in relation to cropland. Growth in total agricultural output may be split into growth attributable to the use of extra farmland and growth derived from higher productivity per unit of farmland. At constant productivity, agricultural output may only grow by expansion of the land area used for agriculture; any observed excess growth should be regarded as due to increased farmland productivity, i.e. additional value of production per hectare, at constant and uniform prices. Thus real growth of total agricultural value of production is attributable to some combination of two factors: -Expansion of agricultural land (extra farmland used for crops or livestock).
-Increase in agricultural (crop and livestock) output per hectare of agricultural land. Crop output growth may likewise be attributed to some combination of two similar factors: -Expansion of land used for crops (extra cropland).
-Increased crop production per hectare of cropland. In the case of crops, moreover, growth due to increased output per unit of cropland may be more finely analysed: it may be attributable, to a certain extent, to changes in cropping intensity, i.e. in the ratio of harvested area to total cropland area. Any excess growth in cropland productivity beyond growth granted by extra cropping intensity, represents an increase in real output per harvested hectare, which may be due to a combination of (a) changes in the yields of individual crops, separately considered, and (b) changes in the crop mix, i.e. changes in the allocation of cropland to different crops, which have different yields and different (constant PPP) prices. Thus total real growth of crop output (valued at constant prices) can be split into four components and their interactions:
-Changes in cropland (more hectares of cropland).
-Changes in cropping intensity (more harvested hectares per hectare of cropland).
-Changes in yields of individual crops (more tonnes produced per harvested hectare).
-Changes in crop mix (more unit value per harvested tonne, at constant prices). In this list, and for the sake of explanation, changes in all components are described as increases, e.g. more land or more tonnes, but it is entirely possible that, during a particular period or in a particular country or region, a component may exhibit a negative contribution, for instance a decrease in yields or a reduction of cropping intensity. As it happened, however, none of this occurred at the world level and regarding the whole period since 1961: the results of the four components were positive, as shown below. This analysis into four components is done at the world's scale, without distinguishing regions or countries; therefore, increases in these components observed at the world level may be seen as the net result of positive or negative changes across specific regions or countries.
Changes in agricultural land use
Total estimated farmland (used for temporary or permanent crops and pastures) is charted at Figure  2 from 1961 to 2011; its main uses are shown at Table 3 , which also reports the area of farmland equipped for irrigation. The most striking feature of these data is that total farmland (i.e. land used for agricultural production around the world) has remained remarkably stable in recent decades, in spite of rapid growth in agricultural production. Farmland increased marginally from 4.46 billion hectares (BHa) in 1961 to 4.92 BHa in 1993, an increase of just ten per cent, or 0.3% per year over thirty-two years, a period in which world farm output increased by 128%, and world population by 82%. , 089, 311 3, 155, 042 3, 212, 217 3, 317, 438 3, 418, 546 3, 358, 655 F Land equipped for irrigation 160, 994 187, 442 226, 264 260, 426 292, 550 318, 297 G % cropland equipped for irrigation 11.7% 13.2% 15.6% 17.1% 19.3% 20 .5% 'Permanent crops' exclude land with permanent cultivated meadows or pastures. Permanent meadows and pastures may be natural or cultivated. Some land 'equipped for irrigation' may not be currently irrigated.
In spite of stagnant use of farmland, in the years since 1993 population kept growing, albeit at declining rates, and agricultural production was growing steadily and at accelerating rates: from 1993 to 2011 farm output grew by 54% and world population increased by 23%, but farmland did not grow. By 2011 farmland area worldwide was 4.91 BHa, like in the early 1990s, just 10% above its 1961 level. World farmland per capita was halved from 1.44 Ha in 1961 to 0.70 Ha in 2011, whilst in the same period per capita food products output from crops and livestock increased by 48% (Table 1) . Land equipped for irrigation is just a fraction of total cropland, but an increasing fraction, expanding from 11.7% in 1961 to 20.5% in 2011; irrigated land has practically doubled in the past half century, at an annual 1.37%. Permanent crops also grew faster than other land uses, at 1.11% per year; arable land and land with permanent meadows and pastures grew more modestly, at just 0.17% per year on average, over the fifty years from 1961 to 2011. Cropland, i.e. arable land plus land under permanent crops (excluding permanent cultivated meadows and pastures), slowly expanded over a quarter century, from 1.37 BHa in 1961 to nearly 1.51 BHa in 1986 ( Figure 3) ; it then had some more years of very slow growth until peaking at nearly 1.53 BHa in 1993, and then remained nearly stagnant (1.51-1.53 BHa) until the early 2010s ( Figure  3) . What looks like a feebly revived rising tendency did appear in the latest years (from a trough of 1.515 BHa in 2002 to 1.55 BHa in 2011, dented by a temporary setback in 2007), but it is not yet clear whether this portends further future expansion, or is just a temporary fluctuation about the stagnant long-term trend prevailing since the late 1980s. Even with this small recent rise, the broad long-term picture is still that world crop production has operated during a quarter century with a nearly stagnant cropland area, in spite of significant growth in crop output (increasing 80% in the quarter century from 1986 to 2011). Total cropland increase from 1961 to 1986, before stagnating, was very limited (about 10%), although crop output nearly doubled in that period. The rest of farmland, i.e. grassland, or permanent (natural or cultivated) meadows and pastures, grew until the early1990s, stagnated in that decade, and actually decreased after 2000 ( Figure 4 ). Permanent meadows and pastures covered 3.1 BHa in 1961; they slowly but steadily expanded during three decades, to slightly over 3.4 BHa in the early 1990s; they stayed at that level until the early 2000s, and then declined since 2001 to 3. 35-3.36 BHa in 2009 35-3.36 BHa in -2011 . Both the increase and decline represent a minor proportion of existing pasture land: an increase of about 10% from 1961 to the 1990s, and a decline of about 2% in the 2000s. Thus the decline seen before in total agricultural land is entirely due to a reduction in the area covered by permanent meadows and pastures; cropland has been relatively stable for a quarter century, though it showed recently some small measure of growth. In short: cropland is nearly stagnant or growing very little, and pasture land is slightly declining, whilst crop and livestock output is increasing. This somewhat differed across regions (Table 4 and Table 5 ). Over the past half century total farmland growth was positive in Africa, Asia and Latin America, but negative in North America and Europe. Total farmland was stagnant in the 2000s as a result of reductions in Europe, North
America and Asia, whilst Africa and Latin America kept expanding albeit at low speed. This was the result of various changes by region in both cropland and grassland. Africa and Asia together comprise about 60% of all farmland and 53% of cropland (Table 5 ). In the latest half century both farmland and cropland grew faster than the world average in Latin America, Africa and Asia, whilst they slightly decreased in Europe and North America. In 2001-2011 farmland only expanded (slightly) in Latin America (at 0.36% per year) and Africa (at 0.35%). In the same period cropland expanded in LAC and Africa (at 1.42% and 1.44% per year respectively), had a negligible growth rate (0.07%) in Asia, and significantly decreased in Europe and North America where it had already declined in all decades since 1971. This rapid examination of agricultural land use shows that total farmland grew very slowly since 1961, peaking in the early 1990s and remaining without much change ever since (with a slight decline in the 2000s). The vigorous worldwide growth that more than trebled agricultural production since the 1960s has therefore not been accompanied by a proportionate expansion in the use of land for either crops or livestock, and this contrast is even more accentuated since the turn of the 21 st century. As mentioned before, this stagnant use of land occurred in a period of great increase in world population, and even faster increase in farm output. Agricultural growth has come mostly from extra output per hectare, as discussed below in more detail.
Cropland expanded only about 10% between 1961 and the mid-1980s, and then remained stagnant although slightly growing again in the late 2000s. Among major regions, Africa and Latin America show more significant growth of cropland in the 2000s (at 1.39% and 1.31% per year respectively).
Cropland has been stagnant lately in Asia, whilst it continues its gradual long-term reduction in Europe and Northern America. Grasslands, on their part, globally decreased lately, but this decrease is confined to Asia; it is stable or still expands, though very slightly, in other regions. Data on land use and farm production during the last half century confirm something known since the Industrial Revolution, and now reaching all regions of the globe: growth in agricultural production (and food output) depends more on increasing land productivity than on farmland expansion. About 95% of cumulative growth in 1961-2011 is explained by increased output per hectare, and just about 5% by addition of extra land, both for crops alone and for the whole farm sector (comprising crops and livestock). This process of increasing productivity per unit of land is discussed next.
Land use and land productivity
Agricultural output (crops and livestock) measured in economic terms may be seen as the product of total farmland multiplied by the average value of production per hectare of farmland, or farmland productivity. Likewise, crop production may be conceived of as the result of two analogous factors: the area of cropland, and the average output per hectare of cropland (i.e. mean cropland productivity). In the case of crops, however, data permit a further level of analysis, apportioning cropland productivity into several components: cropland area, cropland cropping intensity, physical yields, and changes in the crop mix. The decomposition of crop output growth into several components (land expansion, higher yields, changes in cropping intensity, and crop mix) is not similar to the customary growth accounting in neoclassical models of a growing economy, whereby growth is attributed to changes in the use of 'factors of production' (land, labour or capital), and any residual is attributed to technological change. Such growth accounting requires several assumptions about the aggregate production function, and may involve estimating the share of revenue accruing to each factor. Nothing of the sort is attempted here; the most obvious reason is that no reliable data are available on the amount of 'capital' and 'labour' used in agriculture around the world, or their shares of agricultural revenue.
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What is attempted here is based on a tautological formulation of the elements involved in agricultural production. Agricultural output is simply represented as the product of cropland area, number of annual harvests per hectare, tonnes per harvested hectare, and mean value per tonne. Changes in output are described as the sum of the separate effects of these factors if the others are constant, and the various interactions in which two or more factors change at the same time whilst any remaining factors are kept constant. The details of such approach are given in the Supplementary Information. In the case of four factors (cropland area, cropping intensity, physical yield, and crop mix), this resolves into four main effects (one factor each, with the rest kept constant), some 2-way interactions (where different pairs of factors change whilst the other two remain constant), some 3-way interactions (where only one factor remains constant) and one 4-way interaction in which changes in all four factors interact with each other.
Farmland expansion and agricultural production growth
As we have seen, farmland has increased very little (at the world scale) since 1961, expanding by just 10% in half a century, with almost all the increase occurring up to 1993, whereas agricultural output more than trebled in the same period. Thus the growth of agricultural output should be explained mostly by increases in productivity. Farmland productivity, in relation to total agricultural production, is here defined as the ratio of farm output value (crops and livestock products valued at constant and uniform prices) to total farmland (i.e. the sum of arable land, land with permanent crops, and permanent meadows and pastures). If farmland productivity were constant, agricultural production would grow in proportion to the growth of farmland. Any excess growth of production over and above the growth allowed by expansion of farmland would be attributable to growth in farmland productivity. This is shown more clearly in Figure 5 , which charts the cumulative growth of farm output since 1961, i.e. the additional level of output, over and above the output attained at that initial year, split into the portion attributable to additional farmland (keeping productivity constant), and the portion attributable to higher farmland productivity (i.e. more output per hectare of farmland), operating alone (at constant land) or in interaction with increasing farmland. The thin, darker lower area corresponds to the small amount of growth attributable to additional farmland added since 1961, i.e. the output that would have been attained if output per hectare had remained constant. The lighter (and much larger) upper area reflects growth derived from higher output per hectare. Additional farmland contributed 4.3% of total cumulative agricultural growth, whilst farmland productivity (alone or in interaction with land expansion) contributed the remaining 95.7%. Expansion of the agricultural frontier, i.e. the use of more land for agricultural production, played therefore just a minor role in the growth of world agricultural output from 1961to 2011. Moreover, the little expansion of farmland since 1961 happened mostly in the first three decades of the period considered. Farmland worldwide grew only until the early 1990s and then entered a plateau, with a small decrease in the 2000s; output, instead, was growing all the time. This pattern of increasing land productivity accompanying a stagnant use of land for agriculture is present in all world regions (Table 6 ). Real output per hectare grew in all regions, but chiefly in Asia, Africa, and Latin America. World farm output per hectare has been growing at more than 2% per year for half a century, and shows so far no sign of relenting. In fact it is accelerating: in the latest decade considered here (1999-01 to 2009-11) it has been growing at 2.79% per year, well above the half-century average (2.26%) and above all the preceding four periods considered. Acceleration relative to the 1980s or 1990s is perceptible in all regions, and especially in Africa, Asia, and Latin America. Farmland alone, at constant productivity, would therefore explain just 4.3% of total agricultural growth. Another portion may be explained by the interaction between land and productivity: increase in land area may dampen or exacerbate increases in productivity, and conversely. When something is the outcome of two or more factors, growth can be described as the result of the individual effect of each factor (keeping other factors constant) plus interaction among factors as they change together. For instance, if agricultural output value equals farmland times farmland productivity per hectare (V=LP), and both factors vary from initial values L and P to final values L+Δ L and P+Δ P , final output would
The effect of one factor with other factors constant is a main effect. The effect of simultaneous changes in two or more factors is an interaction effect. In the case of world farmland and world agricultural output, the interaction of land expansion and productivity progress (Δ P Δ L ) explains another 8.8% of total growth in agricultural output between 1961 and 2011; the effect of productivity alone, at constant land, is therefore 86.9% of total growth ( Table 7) . The gradual accumulation of these effects is reflected in Figure 6 . As can be seen, the interaction effect is positive, though small; this suggests that the expansion of farmland is not (on average) associated with decreases but increases in farmland productivity. Even if agricultural activity expands onto less fertile land in some locations, this is nonetheless accompanied by increased productivity in other parts, thus leading to a positive interaction in which farmland expansion reinforces (in a small way) the 'pure' effect of productivity growth, and vice versa. 
Cropland expansion and crop production growth
The above refers to total agricultural output (crops and livestock) and total agricultural land (arable, permanent crops, and permanent meadows and pastures). The same general conclusion may obtain if the analysis is limited to crop output and cropland. Additional cropland at constant cropland productivity contributed just a small fraction (5.7%) of cumulative crop output growth since 1961 (Figure 7) , whilst 94.3% of gross crop output growth was due to increased cropland productivity, i.e. more output per cropland hectare. This estimate is based on gross output, including amounts used as animal feed (and also amounts used as seed, but these are very minor compared to feed). As shown in Table 8 , world crop output per hectare grew at a yearly rate of 2.13% from 1961-63 to 2009-11; growth rates, however, first decelerated from the 1960s to the 1980s, and then accelerated again after 1990. In the 2000s the rate was a yearly 2.39%, above the half-century average rate of 2.13%. Asia crop output per hectare grew at 2.76% per year in 1961-2011, faster than any other region over the same half century; its growth rate did also slowdown from the 1960s to the 1980s and accelerated again in the two latest decades, as happened as well in Latin America. The growth rates of output per hectare (either total agricultural output or just crops) are due not only to higher physical yields for each particular crop or livestock, but also to more efficient allocation of resources and knowledge, increased cropping intensity (e.g. two or more crops per year on the same piece of land), shifts to more valuable products, changes in the geographical distribution of production across countries and continents, new technology (mechanical, chemical, biological, managerial) , and a catch-up process leading to more extended and intensive use of already available technologies, all resulting in rapidly growing output per hectare. Farmers across the world, including those in Asia, Africa and Latin America, are changing their product mix; using more inputs like fertilizer and improved seeds; expanding irrigation or improving its efficiency; using short-cycle crops to get two or more crops per year on the same piece of land; adopting no-tillage methods of production for extensive crops, thus reducing soil erosion and saving on machinery and fuel; and generally trying to catch up with growing market demand and available opportunities for improvement. Large differences in productivity exist across regions and countries (and also, as is known, across sub-national regions of the same country and even among farmers in the same zone), and wide differences in the use of modern inputs and technologies. This suggests that the process of catching-up has yet much to achieve; due to the on-going catch-up process, whereby existing knowledge is gradually diffused among farmers, the growth of land productivity worldwide may be expected to be, for a long time, above the rate of expansion of the technological possibilities frontier, which is itself advancing, albeit perhaps at a somewhat slower pace. To sum up, about five per cent of total growth in agricultural production since 1961 may be attributed to expansion of the agricultural frontier, i.e. to an increase in agricultural land use. This is true of total agricultural output (crops and livestock) and of crops alone. Moreover, most of that small increase in farmland and cropland occurred in the first decades of that period; since 1990 cropland remained stable and farmland have slightly contracted. The history of agricultural land and output in the latest half century, like that of preceding periods since the Industrial Revolution, shows that farm production, and thus food production, depends more on innovation and efficiency than on the area of land used by farms. This overall result, on the other hand, is the net outcome of changes in land use across the planet. Some new land has indeed been incorporated for agricultural use, especially through deforestation, whilst some land that was formerly cultivated or used for pasture has been abandoned (or entered a long fallow period) due to land degradation of various sorts. Growth attributed to increased land productivity (either for farmland or cropland has been seen so far as equivalent to output growth not attributable to additional land, i.e. as increased value of output per hectare. However, in the case of crops the productivity of cropland may be reformulated as the result of several components; an increased value of crop output per hectare of cropland may be seen as the product of increased cropping intensity (more harvests per hectare of cropland), increased physical yields (more tonnes per harvested hectare), and changes in the crop mix towards more valuable crops (i.e. more dollars per harvested tonne, at constant prices). The following sections examine the contribution of these components.
Changes in cropping intensity
Cropping intensity has also tended to increase in a sustained manner, though less strongly and less reliably than yields (Figure 8 ). During this half century it passed from 71% to 85%. Note that these data exclude permanent cultivated pastures; if such crops were included the world average cropping intensity would have been significantly higher. Cropping intensity grew rather slowly from 1961 to 2000, but faster afterwards, from 77.8% in 2001 to an unprecedented 85.3% in 2011. Thus, world cropping intensity has been rising, from about 70% in 1961 to 85% in 2011. This is also the case in almost all regions (see Figure 9 and Table 9 ). The only region with a decline in cropping intensity is Europe, where intensity oscillated about 66-69% in 1961-81 but fell to 60-63% in the 1990s and 2000s. Cropping intensity is highest in Asia, increasing from 90% in 1961 to 108% in 2011); it is lowest in North America, where it nonetheless increased from 46% to 58% along the same period. It grew from 61% to 89% in Africa and from 70% to 80% in LAC, both closer to the world average than the figures for Asia, North America, and (lately) Europe. Cropping intensity = Harvested area of all temporary and permanent crops (except cultivated pastures) divided by total cropland (which includes 'arable land' and 'land with permanent crops'). In case of multiple successive temporary crops grown on the same land along the same year, each harvest counts towards total harvested area.
Observed changes in cropping intensity (which increased at world level from 70.9% to 85.2% between 1961 and 2011 would certainly explain part of the increase in cropland productivity, though a limited portion: if other factors were constant, cropping intensity alone may only cause an increase of about 20% in crop output, whereas crop output increased by more than 200% in that period. As seen before, cropland alone would explain a mere 5.7%. Other factors (crop yields and crop mix, and particularly yields), determining increased value of output per harvested hectare, are responsible for most of the observed growth in crop output.
Changes in crop yields
Yields have been increasing most of the time for most crops and in most regions. On average, physical crop output per harvested hectare has increased from 2.61 metric tonnes (MT) in 1961 to 6.23 MT in 2011, a cumulative increase of 140% at a rate of 1.76% per year ( Figure 10 ). Crop yields, as a world average, have been growing in a fairly steady manner, advancing on average about 72 kg per year (per harvested hectare).
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The yields of various crops increased at different rates. From 1961 to 2011, whilst average crop yields increased at 1.75% per annum, cereal yields grew at a yearly 1.99%, oil crops at 2.11%, tubers at 0.87, pulses at 0.61%, vegetables at 1.41% per year. There was also variation across regions.
Average yields increased at a yearly 1.75% worldwide, at 2.32% in Asia, 1.48% in Latin America, and 1.26% in Africa; the African rate, the lowest amongst developing regions, was nonetheless superior to the annual growth rate of yields in North America (1.24%) and Europe (1.20%). The yields of the most important crops (making among them 70% of total agricultural value of production as of 2011, at 2004-06 AgPPP prices) are shown in Table 10 . (**) Cotton yield refers to seed cotton, as harvested; its value is the sum of cotton lint and cotton seed.
Only two of these yields were lower in 2011 than in 1961 (mangoes and olives). Several increased at yearly rates significantly below the global average rate of 1.76%, such as potatoes (0.94%), sugar cane (0.70%), cassava (1.09%), yams (0.93%), or beans (0.87%). Others yields increased faster than average, including wheat (2.16%), rice (1.78%), cotton (1.91%), rapeseed (2.38%) and others. The 28 top crops have average yields slightly above the mean of all crops, but their average yield grew slightly slower than all crops (1.66% instead of 1.76%). The average yield of the top crops, like that of all crops, reflects both changes in individual world-average yields and changes in the crop mix. In turn, changes in world-average yields reflect changes in domestic yields at every producer country, and changes in the relative importance of countries within the total world output of each crop.
Changes in crop mix
The composition of crop output influences the value of output per hectare as changes in the crop mix cause changes in the mean price of a crop tonne. As it happens, this effect was not as straightforward as the effect of land expansion or yield growth: it first decreased the average price of a ton- 
Based on FAOSTAT.
The decrease in 1961-1976 probably reflects an overall increase in the share of staple products, typically less valuable per tonne, as the world went through a period of rapid demographic growth concentrated in less developed countries (where staple products make a very large share of total food consumption). The subsequent rise in the average price is probably related to a gradual deceleration of demographic growth, and a slow shift in the crop mix towards non-staple products as increasing income per capita in developing regions spurred demand for such products.
Interplay of factors of crop output growth
The growth of total agricultural output, as we have seen before, can be decomposed into the effect of farmland expansion (keeping farmland productivity constant), the effect of farmland productivity (keeping farmland constant) and the interaction between the two factors. This can be generalised to any number of factors. When several factors are at play it is feasible to distinguish the main effect of each factor (keeping all other factors constant), and the effects of interactions of various orders; thus two-way interactions reflect the combined effect of two factors, keeping other factors constant, and likewise for three-way or higher order interactions.
As it happens, the combined effect of cropland, cropping intensity, yield and crop mix (including main effects and interactions) reveals that yield growth is the most important factor, followed by cropping intensity. The main effect of yields (keeping all other factors constant at their 1961 values) amounts to 59% of total observed growth in agricultural production from 1961 to 2011 (Table 11 , and a more detailed account in the Supplementary Information, and Figure 12 ). Cropping intensity by itself contributes another 8.7%, cropland expansion 5.7%, and changes in the crop mix just 1.0%. These main effects explain 75% of total growth; one half of the 25% effect of interactions (i.e. 12.1%) comes from the 2-way interaction of yields and cropping intensity, at constant yields and constant crop mix, probably on account of irrigation jointly creating conditions for increased yields and increased cropping intensity by making double cropping possible. Another 7.9% (not shown separately in Figure 12 ) reflects interaction between expansion of cropland area and increased yields (with cropping intensity and crop mix constant), possibly reflecting the impact of opening up, through irrigation works, lands formerly unsuitable for crops. Regrettably, available data are not enough to separate the effect of irrigation, which reveals itself only by affecting other factors, chiefly yields and cropping intensity. A detailed account of all interactions, and the way they are computed, is given at the Supplementary Information. Yields, the dominant growth factor, are the outcome of various processes of improvement, such as development and selection of better seeds (including also genetically modified varieties); improved cropping practices; better water management (including a greater area of irrigated land and improvements in irrigation efficiency); improved control of pests, plant diseases and weeds; increased use of fertiliser; better tools and machinery; enhanced skills of farmers and farm labour; and other similar factors. The enhancement of yields through better technology includes both the discovery of improvements and their gradual adoption by farmers, i.e. a displacement of the technological frontier towards higher potential yields, and a displacement of farm practices towards the moving frontier. One key factor contributing to the interaction of better yields and higher cropping intensity is irrigation. Irrigated land has been increasing (doubling its area in half a century, as reflected in Table 3) , and its average efficiency improving through the gradual diffusion of modern techniques such as pressurised and drip irrigation. Irrigation enhances cropland productivity by increasing both yields and cropping intensity, the latter when irrigation makes double cropping possible. Irrigation works may also turn arid or semi-arid areas from unsuitable land into suitable by providing more water. On the other hand, poorly managed drainage may degrade land through salinization; for this and other reasons, some land equipped for irrigation may not be actually irrigated, or may be irrigated inefficiently. The detailed effects of irrigation are not discussed in this paper, but are included (in net terms) in the general rise of yields and cropping intensity. Likewise we do not offer a discussion of other reasons why yields increase, such as improved seeds, new forms of tillage, improved plant protection and much more.
Availability of land suitable for rain-fed crops
Basic concepts
Only part of the land area around the world is suitable to grow crops. Sandy deserts and frozen tundra are in principle not suitable for that purpose (they may yield some produce under the right technology, but that achievement is frequently too expensive to be of practical use). Land suitability depends mostly on four factors: soil, climate, crop choice, and the cropping practices of farmers. Climate, in turn, affects agriculture mostly through temperature and precipitation. Since human activity and ingenuity is involved, the suitability of land must be conditional on certain practices and techniques of production. For instance, arid or even desert land may be made suitable for crops through irrigation, conveying water to the crops from some surface source (river, lake, spring), or extracting water from underground aquifers; if irrigation water is itself scarce, water-saving irrigation techniques could be used, from drip irrigation to hydroponics (as practiced, for instance, in the Negev desert of Israel among other places); likewise, a cold climate may be offset by greenhouses. Lands that are not suitable for certain crops may be suitable for others: bananas or olives do not grow easily in Canada, but wheat does; not any wheat indeed, but specific varieties adapted to the Canadian climate. Thus determining how much land is 'suitable' must be defined in relation to some specific set of crops and cropping techniques. In this paper we deal with land that is suitable for rain-fed crops, and this has been determined in relation to a certain set of major food crops.
Land actually used for crops is only part of all the land suitable for growing crops that exists around the globe. One important question is how much suitable land is still available, in case it is needed for future crop growth. Land that is potentially suitable but is not available includes suitable land already in use for crops, and suitable land that is under some other use (built up areas, and areas that are forested or otherwise strictly protected). The latter could still be cropped, if only the forest is cleared or the protected areas are left without protection, but calculations about available suitable land usually exclude not only land already under crops but also land that is devoted to those other uses (buildings, roads, forests, or protected areas). Of course, crops may be also grown on non-suitable land. There are poor people farming on very marginal lands, obtaining a very meagre output, and crops might also be grown on desert land, albeit at higher costs and using specific technology such as computer-driven localised drip irrigation or hydroponics. Also, some previously unsuitable land might be rendered suitable by supplying extra water through new or improved irrigation works. The present discussion, however, refers to land suitable for rain-fed crops that is not yet used and is not out of bounds due to being built-up, forested, or otherwise protected. Suitability for rain-fed crops requires sufficient rainfall (adequately distributed along the year), plus adequate temperatures along the crop cycle, plus adequate soil characteristics. Soil quality, temperatures, and the amount and seasonal distribution of rainfall, with some assumption about croppingtechnology, determine the potential yield, and thus lands can be classified depending on their range of attainable yields, compared with the optimum (or unconstrained) conditions. Suitability is estimated in relation to a wide set of crops (and crop varieties), in the understanding that a piece of land is to be deemed 'suitable for rain-fed crops' if at least some of the crops (or some of their varieties) can be grown on it.
Land classification: suitability and availability FAO's World Soil Map and other soil-related studies (http://www.fao.org/soils-portal/en/), and the related Global Agro-Ecological Zones (GAEZ) programme (http://www.fao.org/nr/gaez/en/) combining soil and climate, have been used by FAO and IIASA to identify land areas across the world with different current uses and various degrees of crop suitability, assessed in relation to various crops if grown under rain-fed conditions. Each land may suffer from various constraints as regards rain-fed crops: temperature and rainfall regimes, soil quality, slope, and so on. Suitability classes are defined according to the attainable yields of a wide set of major crops, as a percentage of the maximum yield attainable in the total absence of constraints. Very few lands are able to produce at the maximum rain-fed yield predicted by agricultural scientists under a no-constraints assumption. In practice, even in the best lands, yields empirically obtained by farmers are below the theoretical maximum; hence the highest class of land (Very Suitable) includes all lands where yields are above 80% of the unconstrained standard. Land with yields between 40% and 60% of the maximum are still classed as 'Moderately Suitable'. (Fischer et al 2012:56) . The analysis was based on a 5'×5' grid for the entire planet's land area (each grid cell covers about 8-10 square km, depending on latitude). At each cell, the procedure was as follows: (1 (1) and (2), determine all land classifiable as Very Suitable, Suitable, Moderately Suitable or Marginally Suitable) at low level of inputs (Alexandratos & Bruinsma 2012: 103-104, Box 4.3, and Fischer et al 2012:56, 96-97) . The levels of agricultural technology were defined as follows (Fischer et al 2012:56) :
Low-level inputs/traditional management. Under the low input, traditional management assumption, the farming system is largely subsistence based and not necessarily market oriented. Production is based on the use of traditional cultivars (if improved cultivars are used, they are treated in the same way as local cultivars), labour intensive techniques, and no application of nutrients, no use of chemicals for pest and disease control and minimum conservation measures.
Intermediate-level inputs/improved management. Under the intermediate input, improved management assumption, the farming system is partly market oriented. Production for subsistence plus commercial sale is a management objective. Production is based on improved varieties, on manual labour with hand tools and/or animal traction and some mechanization. It is medium labour intensive, uses some fertilizer application and chemical pest, disease and weed control, adequate fallows and some conservation measures. High-level inputs/advanced management. Under the high input, advanced management assumption, the farming system is mainly market oriented. Commercial production is a management objective. Production is based on improved high yielding varieties, is fully mechanized with low labour intensity and uses optimum applications of nutrients and chemical pest, disease and weed control.
The main results of the estimation of land availability for rain-fed crops are presented in Table 12 . 
Land suitability, availability and use
Besides suitability as such, it is necessary to consider whether a piece of land is actually available for cultivation: some of it may be already cultivated; some may be covered by forests; some may be otherwise protected (e.g. non-forested national parks); some may be covered by buildings or roads. The balance after subtracting all these categories represents land suitable for rain-fed crops that is also available for cropping. All the land area around the globe (around 13.3 billion hectares) has been classified according to its crop suitability and current use. Table 13 reflects the resulting distribution of global land. Good land that were not as yet used for growing crops, were neither under forest nor built-up, and were not otherwise strictly protected. As cropland worldwide has not changed much after 2001 (Table 3 and Figure 3 ), this assessment is still substantially applicable in the 2010s. The usable but yet unused Prime and Good land area (1412 MHa) is larger than the Prime and Good land that is already effectively devoted to crops (1260 MHa as of 1999-2001, not much changed afterwards). Thus more than half of all crop-suitable and usable land is not yet used for crops. Cropland, hence, could potentially be doubled using only Prime and Good land, without encroaching onto forests, protected land, built-up areas, or marginal land, and not considering any expansion of irrigation on otherwise marginal land. This balance of land suitable for rain-fed crops yet not currently cropped, is mostly covered by grasses or other non-forest vegetation such as shrubs; it may include, however, some cultivated permanent meadows and pastures, since many nations fail to make a clear distinction between natural and cultivated permanent meadows and pastures. About 300 MHa of marginal land classes are currently used for crops (line F in Table 13 ), i.e. 19% of all land used for crops. Some 70% of these crops growing on marginal land are rain-fed, and the rest is irrigated; the share of irrigated crops is about 20% in marginally suitable (mS) and very marginally suitable (vmS) land, and nearly 44% on not suitable (NS) land where rain-fed yields are below 5% of the constraint-free potential. It may be inferred from these figures that most crops grown on marginal lands are rain-fed, and that average yields on marginal lands must be very low. Some valuable crops (e.g. fruit or vegetables) may be grown on marginal land if irrigation is available, but most crops grown on marginal land are likely to be staple crops (e.g. coarse cereals or starchy roots) with low yields and a relatively low price per tonne.
On the other hand, about 80% of the land currently used for crops is Prime or Good land. Since Prime and Good land (otherwise called Suitable land) is more productive, it is used on average with a better technology relative to marginal land, and is devoted on average to more valuable crops, it can be inferred that much significantly more than 80% of the world's real crop output (probably over 95%) comes from Prime and Good land. The rightmost column of Table 14 shows where the available suitable land is located. About 90% of the net balance of 1412 MHa of usable but unused Prime and Good land is in three major country groups: Sub-Saharan Africa (451 MHa), Latin America (363 MHa) and developed countries (447 MHa). It is clear from these figures that there is not much suitable land left in Asia, especially in South Asia where the net balance is just 13 MHa (possible expansion: <10% over the 140 MHa already used for crops). The room for expansion is somewhat more comfortable in East Asia (94 MHa usable and unused, a potential 53% increase over the 175 MHa currently used). What about regions, like South Asia, with little margin for expanding their cropland? To have more room for expansion may be reassuring, but the fact that a particular country or region has a narrower margin is not in itself a significantly negative factor; after all, cropland expansion in recent decades has been nil or very small in most of the world, whilst total crop production grew much faster than land expansion and much faster than population growth. Demographic growth is itself slowing down and expected to slow down even more in the future. Last but not least, food security is not about physical self-sufficiency at the national level (each country producing all the food it needs) but about ensuring physical, social and economic access to food by all people at all times, and a key element for that goal is the expansion of trade. If anything, the scarcity of unused land in some regions (and especially so when those regions are in a course of rapid economic growth) is probably not a threat of food insecurity, but a sign that a greater volume of food trade would be attracted towards those regions in the future. These data on suitable and usable land, and on land actually used for crops, suggest extra cropland is amply available. This, along with the rapid increase of output per hectare (explaining 95% of total agricultural growth in the latest half century, and nearly 100% in the more recent decades), sheds a different light on the old Malthusian question about population and land. First, much suitable land is still available. Second, population growth is slowing down and world population is expected to stabilize. Third, most of the growth in agricultural output observed in the past half century has come not from extra land but from higher output per hectare. That is also expected to happen in the futu-re: in all available projections, most expected growth in output required by future demand would also come from increased productivity with little expansion of the land area used for crops.
Land suitability and land degradation
It should be noted that the definition of suitability classes is based on constraints, which are present in all suitability classes. Even in the highest class (VS) attainable yields may be as much as 20% below constraint-free yields; in S and MS land the per cent yield reduction due to constraints is larger. The constraints are estimated for the average land in each 5'×5' grid cell in the IIASA-FAO GAEZ database, but some specific patches within each cell may be actually degraded by past use. Some land deemed suitable for its climatic and edaphic characteristics, and currently unused, may have been used in the past and then abandoned, for various reasons including land degradation and market conditions. May that situation be frequent? Is it perhaps the case that much unused land actually degraded, and thus in effect unusable? Regarding land originally cultivable but subsequently abandoned, Campbell et al 2008 estimate that 269 MHa of cropland have ceased to be used for crops between the years 1700 and 2000; most of the abandonment took place in the 20 th century. Not all these abandoned croplands were Prime or Good (many may have been marginal in the first place), and not all were abandoned due to erosion or degradation; some have ceased to be cropped due to expansion of urban settlements, or as a response to official policies such as diminishing farm subsidies in the European Union. Most have reverted to grassland, but some are now under forest cover (naturally grown or planted trees). The abandoned area that was originally classifiable as Prime and Good cropland, that is not currently builtup or forested or otherwise protected, and is affected by degradation, is surely much less than the total abandoned area. However, the total estimated area (269 MHa) of abandoned cropland (even in the unlikely hypothesis that none of it is now forested, urbanized or otherwise protected, and none is marginal) would represent just a small fraction of all Prime and Good land available for cultivation (1.4 BHa). The vast majority of usable but unused suitable land has not been abandoned after being cropped in earlier times. Soil degradation has been probably a factor leading to the current classification of land classes. Some areas may have been originally more fertile than they are today, and may have lost fertility due to human intervention (e.g. non-sustainable cropping patterns or practices). It is difficult to estimate the degree of such effect with sufficient precision. However, it is to be expected that the process may continue in the future, possibly at a similar pace, although in some places there are now practices in place that prevent or reduce soil degradation, such as no-tillage cropping, ploughing by contour lines, application of fertiliser, improved drainage to avoid salinization, and so on. According to the latest FAO report on the state of land and water resources for agriculture, soil degradation by various causes affects 5.9% of irrigated cropland and 4.5% of rain-fed cropland (it also affects about 5.5% of agro-pastoral production systems, and 4% of land devoted to extensive pastoralism (FAO 2011a:111) . This is the cumulative impact of many years (in some areas, many centuries or millennia) of agricultural activity, which means that the possible additional effect in the coming decades (say up to 2050 or 2100) would be probably just a fraction of the percentage already affected. At the same, it should be borne in mind that soil degradation has degrees: it normally implies a reduction in the potential average yield of a piece of land, which sometimes (but not necessarily) implies the demotion of such land to some inferior land suitability class. In summary, available evidence suggests that land degradation and abandonment affects a small fraction of all suitable land, and would not imply a significant modification of the general picture about land use and land availability.
Projected future demand for cropland
All the above analyses deal with the current state of affairs and the history of recent decades. What about the future? How much additional land will have to be put under cultivation to feed the world in 2050 or 2080? It is often claimed that expected demographic and economic growth from 2000 to 2050 (leading to greater demand for food and other farm products) will require increasing agricultu-ral production by 50% or, according to some accounts, by as much as 70%. It is not altogether clear in every case what units of measurement such figures are based on (calories, tonnes, dollars), but the figures are not especially impressive anyway, in view of past performance. Fifty per cent in fifty years means an annual growth rate of 0.81%, and seventy per cent would require a yearly 1.06%, both far below the historical growth rates of about 2.5% that prevailed during the past half century and show no sign of relenting. In fact, more than a quarter of the period 2000-2050 has already passed, and farm production during these recent years has been growing at very high rates, as shown above. Moreover, existing projections of future demand for (and supply of) agricultural products (e.g. FAO 2006 , FAO 2011b , Alexandratos & Bruinsma 2012 , and others) estimate that world demand would be met by supply, even with slower progress in productivity, and that it would take, if anything, just a marginal expansion of agricultural land. This is in accordance with past experience, reviewed in this paper, indicating that over 95% of agricultural growth comes not from extra land but from increased productivity. Even if rates of productivity growth get slower in the future (by one half or two thirds), the feared increase in demand (50% or 70% from 2000 to 2050) would still be attained as a matter of course, with little need of extra land, which is on the other hand quite abundantly available. FAO's projection of agricultural production to 2050 (FAO 2006 , updated in Alexandratos & Bruinsma 2012 starts with a projection of demand (based on demographic and economic projections) and then projects production according to a detailed analysis by product and by country using information on agro-ecological zones, markets, technology, and more. Such projections very prudently assume that productivity growth will slow down, and per capita demand will go up. Under those assumptions, however, food output by 2050 would provide much more food per capita than today. According to the 2012 update of FAO's projections, agricultural output valued at AgPPP prices would increase by 60 per cent, at 1.08% per year (half the rate of precedent decades), passing from $1938 billion in 2005-07 to $3100 billion in 2050, implying a 15% increase in per capita output from $295 to $340 in those 44 years. This projected growth is determined by projections of demand and not by any limits to growth: if need be, output could grow more. However, expansion in land use would be very limited; the study presents estimates only for arable land (i.e. land used for temporary crops); Total arable land in use by 2005-07, estimated at 1592 MHa, would just marginally grow to 1647 MHa in 2030 and 1661 MHa in 2050, an increase of just 4.3% over 44 years, equivalent to a negligible 0.096% per year (Alexandratos & Bruinsma 2012:109) . The rate of expansion of arable land, at both world and regional levels, would thus be much slower than observed in the past half century, albeit in line with data for the 1990s and 2000s, which show a stagnant arable land area. In summary, agricultural output would keep growing, even assuming a slower pace of technical progress, with a nearly stagnant or very slowly growing area of land under crops. Are these output projections reasonable? They are most likely to be exceedingly conservative. FAO has been producing projections of the same kind for over three decades, and systematically underprojecting agricultural growth.
Conclusions
Our review of land and agriculture issues leads to several key conclusions:  Usable additional cropland is abundant. Available land that is suitable for rain-fed crops, not presently cropped but usable for crops (not forested, not built-up, and not otherwise protected) would allow doubling the amount of suitable land currently devoted to crops. Even accounting for degraded and/or abandoned cropland, and even if such accounting is done under most conservative hypotheses, the margin for cropland expansion is quite large.  There is little demand for additional farmland, and for additional cropland. Land used for agriculture (crops and pastures) and specifically land used for crops have not increased much worldwide since 1961, and has been stable or decreasing in recent decades. Cropland in particular has been practically stable for nearly four decades. Areas where farmland or cropland moderately expanded are offset by areas where less land area is used for agriculture in general or for crops in particular. There might be pressure to expand farmland or cropland in particular areas whereas agricultural land use decreases in other parts, with a global net result of very small increase or stagnation in cropland, and stagnation or decline in permanent pastures.  Farmland productivity is the dominant driver of agricultural output growth. About 95% of growth in farm output (crops and livestock) is attributable to higher output per unit of farmland (cropland and grassland). Extra farmland made but a small contribution, mostly in 1961-93.  Cropland productivity is the dominant driver of crop output growth. About 95% of crop output growth in the past half century came from increased productivity of cropland; extra cropland has made but a small contribution, mostly before 1985.  Increasing physical yields of the various crops (more tonnes per harvested hectare) are the main factor behind increased cropland productivity. Other factors are increased cropping intensity (more harvested hectares per hectare of cropland) and shifts in the crop mix towards more valuable crops (i.e. higher value per tonne, at constant and uniform prices).  Expected agricultural growth to meet future demand does not imply using much additional cropland. Even assuming that productivity would progress at much reduced rates in the future, and considering the observed and projected pattern of demographic and economic growth, agricultural output growth to meet future demand would not require a significant increase in cultivated area. These findings shed a different light upon old-fashioned Malthusian ideas about a world running out of land to feed its population. The world is living in a post-Malthusian era with population growing ever more slowly and tending to stabilise. Food production is growing steadily, based for the most part on increasing productivity of land (see Galor 2011 for a formal economic growth model expressing this conclusion, and Fogel 2004 for a historical review of this process during the latest three centuries). These developments have enormous implications for the future of mankind, too many and too complex to be properly addressed within the confines of this paper.
Hector Maletta
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SUPPLEMENTARY INFORMATION
This appendix explains some technical concepts and methods involved in estimation, aggregation and decomposition of agricultural output and land productivity as presented in this paper. They include a detailed account of the valuation principles applied to agricultural and food output, and the definitions of the several classes and uses land as concerns agriculture, according to international usage and standards, and reflected in international statistics of agricultural production and land use.
Measurement of real agricultural and food output
Most data in this paper are based on FAOSTAT, the statistical database on agriculture maintained by FAO, based on national statistics, with series covering the period since 1961 for most countries and territories around the world. Data refer to crops and livestock (excluding fishery and forestry), and were retrieved in July 2014. As FAOSTAT is updated (including retrospective adjustments) whenever new information is gathered, data retrieved at other times may (usually slightly) vary. Crop product data include area harvested, production, and value. If two or more temporary crops are successively grown on the same piece of land along a single year, each successive crop harvest is counted towards the year's harvested area. Failed temporary crops that were planted but not harvested do not count towards harvested area. For permanent crops, harvested area in a given year refers to the area from which production has been gathered, even if the gathering occurred at different occasions or periods along the year; some permanent crops may have not been harvested during a given year for being at the growing stage, not yielding yet any product, or for other reasons. Production is valued in economic terms. Monetary valuation is very important for purposes of aggregation, for comparing the output of different countries, and for monitoring growth in aggregate agricultural or food output over time. Agricultural products, either primary or processed, are also classified as food or non-food. Food products are those known to be consumed as food by humans, even if part of their output is used otherwise; for instance, cereals are regarded as food products, even if part of the cereal output is used as fodder for livestock or feedstock for making biofuels. We are concerned here only with primary farm products such as cereal grains, whole fluid milk or oilseeds, not with processed products like flour, butter or vegetable oils. Only in the case of slaughtered livestock the figures for primary production are expressed in terms of specific products from slaughtered animals, such as meat (in terms of carcass weight), offals, wool, or hides, not considering whether the livestock is slaughtered on farm or at off-farm slaughterhouses.
Aggregation across products and countries
Agricultural output comprises hundreds of different products, and therefore any discussion of its size or growth must involve a method for aggregating those products into a coherently defined total. The output of single agricultural products such as wheat or lemons may be measured in physical units such as tonnes. A group of similar products (e.g. cereals) may also be meaningfully measured in physical units. However, when heterogeneous products are considered (wheat, pears, beef, milk, eggs, wool, and so on) a common denominator (other than physical weight) is required. Several metrics may be used. For the specific purpose of measuring the supply of dietary energy, the various food items may be weighted by their energy content in calories or joules. The same food items might be aggregated according to their protein content, or their Vitamin A content, or their iron content, among many other possibilities. Of course, aggregation based on one nutrient may rank products and countries in different orderings depending on the metric used; besides, some agricultural products are not used as food and in such cases those metrics are not appropriate. Tonnage might be sufficient for calculating transportation costs (except if special care or refrigeration if needed for some particular products), and volume in cubic metres may be a more relevant measure for the purpose of storage. Amount of energy (electricity or fuel) required for food production might be useful in a study of energy needs. Each of these and other metrics may be adequate for one purpose or another, but hardly for a meaningful measure of aggregate agricultural output or total food supply or demand. For more general purposes the common denominator can hardly be a physical one (such as calories or cubic metres) because many characteristics are to be considered at the same time and reflected in a single figure. The real aggregate output of agriculture, as in the case of other sectors, is best measured in economic terms, i.e. multiplying each physical quantity by a corresponding price. Prices reflect the net result of all valuations made by people about a particular product of any kind, including valuations made by producers (based on technology used for production) and those made by consumers (based on preferences), and are thus the natural candidate for a meaningful aggregation of heterogeneous items such as the various crop and livestock products. This monetary kind of aggregation is particularly adequate for a discussion of food security, a concept centred on economic access to food: the real economic value of food, compared to the level and distribution of real incomes, is an adequate measurement to assess access to food. By the same token, as farms may grow a variety of crops or produce a variety of livestock products, subject to technical possibilities of production but also to market prices and other economic factors, meaningful aggregation of agricultural or food output should also be in real economic terms, as is also the case with other sectors of economic activity reflected in macroeconomic magnitudes such as GDP or National Income. Market prices, however, are affected by inflation (over time) and by price and currency differences (across countries). One unit of currency, even if used in its home country, may buy different quantities of wheat or milk in different years, due to general domestic inflation, and also changes over time in the relative price of those products (in relation to each other or to other products). If the same amount of domestic currency is exchanged for foreign currencies, it may also buy different quantities of any food item at different countries, due to inter-country differences in relative prices and also due to variations in the purchasing power of the original currency if exchanged into different foreign currencies at market or official exchange rates. Measuring changes in production or consumption whilst ignoring these problems is surely misleading, since it would confuse a real change in output or consumption with a mere monetary difference over time (due to inflation) or across countries (due for instance to different levels of taxation, or misalignment of exchange rates). Aggregating agricultural output to make meaningful comparisons over time and space thus implies correcting for these problems (domestic inflation, differences in relative prices over time and space, and variable purchasing power of a currency when used at different places). This leads to the concept of real output comparisons, involving not only constant prices over time but also Purchasing Power Parity (PPP) conversion rates among currencies. Under this approach, which is the standard one in economic comparisons, currencies are converted into one another by means of special exchange rates that correct for differences in the purchasing power of currencies. In one of the major approaches for calculating PPP exchange rates, the Geary-Khamis method, the various products are aggregated at world-average prices of a reference year, converted into a reference currency at PPP exchange rates, so that those prices are constant over time and uniform across countries. Consistent with this approach, FAOSTAT provides estimates of the value of agricultural production, covering crops and livestock valued at producer prices, by product and country. The basic data in this regard (prices in domestic currency and prices in dollars at market exchange rates) are available in FAOSTAT since 1990. Based on this information FAO has computed the value of agricultural production in constant producer prices of a given reference period, converted into US dollars at PPP conversion rates. The current reference period for prices and exchange rates is 2004-06. Such prices are applied to the physical output (available since 1961) to estimate real value of production since 1961. The concepts and methods involved in this valuation are discussed in the next section.
Agricultural PPP conversion rates and world-average prices
A good measure of real agricultural output, allowing for meaningful aggregation or comparison across borders and over time, should correct for variation in the purchasing power of money, both over time and across countries. Even if different measures of real output may be expressed in different units of measurement (e.g. in dollars or pounds, either at current prices or normalised at constant prices of any chosen base year), a good measure of real output should be a reliable measure of real growth, as independent as possible from the above factors (inflation, differences in purchasing power, and changes in relative prices). This is achieved by using a single set of constant world-average prices converted into a common currency by means of a set of Purchasing Power Parity (PPP) conversion rates that adjust for differences across countries in the purchasing power of money, and also for inflation within each country. The resulting measure, as any index number, may be still affected to some degree by the choice, for instance, of a particular base year, where certain relative prices prevail, but the bias derived from such choices is normally small. Comparison across borders and over time implies, as a first step, using a set of constant prices for each country, measured at a base period and not changing over time; a minimal condition for international comparison is that these domestic prices are expressed in a common currency by means of official or market exchange rates. But even after being expressed in a common currency, say in US dollars, the resulting amounts must be yet adjusted for differences in the purchasing power of money. One dollar in India may have more purchasing power than one dollar in England, thus converting everything into US dollars (or pounds, or Euros) is not enough. Those constant domestic prices expressed into a common currency should be converted into a common currency with Purchasing Power Parity (PPP) conversion rates, which adjust market exchange rates in order to take account of differences in the purchasing power of the common currency in different countries (i.e. differences in the amount of goods that a unit of the common currency may buy at different countries). This produces a set of constant (over time) and uniform (across countries) prices, converted into a reference currency at special conversion rates that ensure equal purchasing power across borders. Such constant and uniform prices with equal purchasing power are thus an adequate basis for measuring, aggregating and comparing real output over time and across borders. In this case, the PPP conversion rates equalise the purchasing power of dollars in every country in relation to a basket of agricultural products keeping among products the physical proportions prevailing in the agricultural output of the world in the chosen reference period. To comply with this methodological requirement, in this study we use FAO's estimates of the food (or agricultural) real output, valued at constant and uniform producer prices. These prices are the output-weighted world average of domestic producer prices in [2004] [2005] [2006] , computed originally in national currencies and converted into international dollars at market exchanged rates, adjusted with agricultural purchasing power parity (PPP) conversion rates.
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FAOSTAT metadata (http://faostat.fao.org/site/379/DesktopDefault.aspx?PageID=379) explain the fundamentals of this valuation system as follows:
Prices in Agricultural Purchasing Power Parities (AgPPP) are calculated by converting prices in local currencies into prices in Dollars using Agricultural PPPs instead of exchange rates. Agriculture Purchasing Power Parities have been calculated to equalise purchasing power across countries based on countries' agricultural output by applying the Geary-Khamis equation system to agriculture output and prices (FAOSTAT datasets of prices in local currency and production in physical terms). The equations generate two sets of parameters: a set of international prices expressed in a common currency and a set of (agriculture) purchasing power parities [...] . By setting a country's AgPPP as equal to 1 the system provides a unique set of solutions. It has been customary to set the USA's AgPPP as equal to 1 and to express PPPs in relation to the US Dollar.
The operational procedure involved in this approach is detailed next. First, it should be noticed that making real comparisons over space is conceptually similar to making real comparisons over time. In both cases, what is involved is the construction of index numbers. An index number is the ratio of a target value to a base value, such as P t /P 0 for the ratio of prices at time t relative to prices at time 0. In comparisons over space it would be V A /V B for the ratio of the output value of country A relative to country B, where A is the target country, and B the base country. Such ratio measures the output of country A in units of B output. If the two values pertain to the same country, or two countries using the same currency, all prices are denominated in the same measurement unit (the single currency). However, for international comparisons between countries with different currencies, price comparisons imply dealing with two elements: the various prices (expressed in each domestic currency), and the conversion rates of domestic currencies into some common reference currency. A common instance of an index number over time is the Consumer Price Index (CPI), which compares the price level of period t relative to a base period (t 0 ). The price level, in that case, is defined as the price of a certain basket of goods and services. Evaluating the price level involves computing the value of that basket at the prices prevailing at time t, and the value of the same basket at the base-period prices. Taking the quantities at time 0 as the base quantities, the price index (measuring the price level at time t relative to the price level at time 0) would be:
∑ ∑
This ratio compares the price of a basket of N goods, taken in fixed quantities q i (i=1, 2, ..., N) at prices of period t, to the value of the same basket at prices of period 0. Since the quantities are the same, the ratio can only vary due to changes in prices. Likewise, a quantity index over time compares two different baskets, corresponding to times 0 and t, valued at the prices of period 0. If the base prices are the ones prevailing at time 0, the quantity index is:
This measures the ratio of quantities of time t, valued at prices prevailing at time 0, to quantities of time 0 valued at the same prices. In summary, a price index measures price changes at fixed quantities; a quantity index measures quantity change at fixed prices. Measuring real agricultural or food output requires a quantity index. This kind of index provides a measure of real change in the quantities involved, controlling for inflation, i.e. for changes in prices over time. The above formulas for price and quantity indexes are Laspeyres indexes because they use the prices or quantities of the base period (time 0) as the reference. Indexes using as reference the quantities or prices of the target period (time t) are called Paasche indexes. Each is to some degree affected by the choice of the reference quantities (or prices). An average of the two (a so-called 'ideal' index) is often preferred though not always computable on a regular basis. Besides price and quantity indexes, there is also the value index, which is simply the ratio of the two values, such as the value of the basket of time t, valued at prices of time t, divided by the value of the base basket of time 0 valued at prices of time 0; let us call this index V t .
∑ ∑
It is obvious that all these indexes equal 1 at the base year: = = =1. One desirable property of quantity and price indexes is factor reversal. It implies that the value index should equal the product of a quantity index multiplied by a price index, in the form V t =Q t P t . Thus the quantity index should be Q t =V t /P t and the price index should be P t =V t /Q t . However, for this property to hold exactly, the price and quantity indexes cannot be both of the same type (i.e. both Laspeyres or both Paasche). For a Laspeyres price index the implicit quantity index, , is a Paasche index:
This shows that, for the factor reversal property to hold, the quantity index implied by a Laspeyres price index is a Paasche quantity index, i.e. a quantity index based on target-period prices. If the price index is Laspeyres, the implicit quantity index should be Paasche. The converse is also true.
4
Similar considerations (exemplified above for indexes over time) apply also for indexes measuring differences over space (across borders), just replacing periods 0 and t in the above equations by countries A and B or, more generally, replacing the t indicating time by a j denoting one of K countries (j=1, 2, ..., K). The Purchasing Power Parity (PPP) approach for international comparisons rests on principles similar to the factor reversal property of price and quantity indexes. The ratio of values for two countries should equal the product of a quantity ratio and a price level ratio. Thus the quotient between the value of output in two countries (V A /V B or V AB ) should equal the product Q AB P AB . The P AB factor measures the price level in country A as a proportion of the price level in B. Q AB measures the real level of output of A as a proportion of the output of B. The real output ratio is Q AB =V AB /P AB . However, in this case the construction of such indexes involves not only quantities and (domestic) prices, but also the use of adequate conversion rates to translate the various currencies into a common currency in such a way that the aforementioned property obtains. As any other quantity index, Q AB should be computed on the basis of a common set of prices. At the same time, since each country uses a different currency, and market exchange rates are volatile and affected by many factors, it also involves the estimation of a set of PPP conversion factors to modify market exchange rates, and thus to express all monetary figures in a common currency in such a way that real comparisons can be made between values of different countries. To achieve this we have to determine a set of prices and a set of conversion rates. None can be determined independently of the other, and thus they must be estimated simultaneously. There are several ways of achieving this goal, with different virtues and shortcomings. FAO aggregates agricultural output values with the so-called Geary-Khamis method (Geary 1958; Khamis 1970 Khamis , 1972 Khamis , 1984 . The Geary-Khamis approach simultaneously computes international prices π i for all commodities and PPP j conversion factors for all countries. The uniform prices π i (sometimes called Geary-Khamis prices) are the world average of domestic prices, weighted by output quantities and translated into a common currency at rates PPP j ensuring uniform purchasing power. These prices are computed for a reference period (currently FAOSTAT uses the mean prices of 2004-06). The price of a commodity i at country j and time t, expressed in unit of local currency, may be denoted by p ijt . This price, converted into a reference currency (typically US dollars) at market exchange rates may be denoted by . The same price, converted into dollars of uniform purchasing power is denoted by π ijt . The ratio of price in dollars at market rates to the price in PPP dollars is called a 'PPP conversion rate'. PPP conversion rates and PPP-corrected prices are computed simultaneously.The iterative procedure used by FAO for this purpose is explained in detail by Rao (1993) , based on the Geary-Khamis approach. We give a synthesis here. We deal with many commodities X i , where i may vary from 1 4 The factor reversal property holds for bilateral indexes of the same type, using quantities and prices prevailing at both periods 0 and t, such as the Fisher index, which is the geometric mean of a Laspeyres and a Paasche index; if L is a Laspeyres index, and P a Paasche index, the Fisher 'ideal' index is √ Fischer's index and other similar indexes are bilateral since they use weights based on both base and target years. A value index V=V t /V 0 equals the product of two Fisher indexes for prices and quantities: V=F q F p .
to N, and countries Z j where j may vary from 1 to K. Each country has a national currency, and the price of each commodity at time t, expressed in units of local currency, is p ij . The corresponding quantity is q ij . Prices and quantities always refer to a period of time (t), but we eschew for the moment the issue of changes over time in quantities or prices: we concentrate on spatial comparisons and aggregations at a single time. To estimate the PPP conversion rates and Geary-Khamis prices concerning agricultural products, the general procedure is as follows. Take the world output of agricultural products. Estimate its price in the various domestic currencies, at the domestic prices of each country and for a given reference period. Translate these values (in pounds, pesos, euro, rupees and the like) into US dollars at market exchange rates. The results will not be uniform: the same basket of goods may have different dollar values depending on the prices and currency used for its valuation. PPP j conversion rates are calculated to render the various results equal, i.e. to convert all dollar amounts resulting from the use of market exchange rates into 'international dollars' with uniform purchasing power in relation to agricultural products. Some PPP exchange rates would need to be higher than the corresponding market exchange rate (PPP j >1) whilst others need to be lower (PPP j <1) to attain equality of purchasing power. PPP j <1 signals an 'expensive' country where the purchasing power of $1 is lower; PPP j >1 means a 'cheap' country where $1 goes further, i.e. a country with a lower price level. The domestic price of commodity i at country j, expressed in a reference currency (e.g. the US dollar) at the market exchange rate, is denoted by where m is the reference currency. The worldaverage price of a commodity i (over the K countries considered), expressed in international dollars of uniform purchasing power, is defined for each commodity by equation
To estimate these prices we need an estimate of the PPP j conversion factors to turn prices in US dollars at market exchange rates into prices in international dollars of uniform purchasing power. These PPP factors indicate the relative price level of a country. Purchasing power parities in the Geary-Khamis approach are defined for each country by equation
This definition says that the price level of country j relative to the price level of the reference country (e.g. the US) equals the ratio of the local output of all commodities valued at domestic prices at market exchange rates, , to the value of the same output valued at the international prices π j .
A complete computation of the N prices and K conversion factors involves a system of N+K simultaneous equations with N+K unknowns. Khamis (1970 Khamis ( , 1972 and Rao (1971) have shown that such system has a unique positive solution if one of the unknowns is fixed at any arbitrary level (for instance, by assuming that one of the PPP j or one of the π i equals 1). Once this or a similar decision is taken, all conversion rates PPP j and all international prices π i are uniquely determined. Solving these equations, however, can be cumbersome when many countries and commodities are involved (FAOSTAT value-of-production data refer to about 130 countries and about 190 commodities). A simpler iterative algorithm is applied to approximate the solution (Rao 1993) . For this iterative algorithm, one starts with arbitrary values for the PPP j conversion factors. For instance the initial values (where the superscript indicates the iteration cycle) may be set initially at unity for all countries (j=1, 2, ..., K): = =....= 1. These initial values are equivalent to the assumption that all market exchange rates are exactly the ones required for equality of purchasing power, which is very unlikely to be true but is a convenient starting point. Using these or any other initial values for the conversion rates in equation [1] above leads to an initial estimate of the international prices, . These initial price estimates are then used in equation [2] to get a new estimate for each PPP j , possibly different from the uniform unity value adopted initially. If this second set of estimates for prices and PPPs differs from the first, a new iteration is performed, obtaining a second set of prices ( ) and conversion rates . Iteration continues until every conversion rate PPP j and every international price π i converges to a stable value. Convergence is assured, as demonstrated by Rao 1971 and Khamis 1972 , and is normally attained with sufficient precision within relatively few iteration cycles. The uniform purchasing power refers to the set of commodities considered, i.e. in this case the set of agricultural commodities included in the calculation; the reference 'basket' for the price level index is composed of all agricultural commodities taken in the quantities produced at the reference period and valued at the world-average prices prevailing at the same period.
Alternative base periods for PPP rates and producer prices
As any index number based on a given reference period, the FAO series of agricultural value of production at 2004-06 prices (converted into dollars at PPP rates) are, to a degree, dependent on the choice of reference period. The reference period gives each product a weight derived from the physical composition of production (by product), and from its relative geographical distribution (across countries), both measured at the base year, and it is also influenced by the relative-price structure of the various products prevailing in the base year. In principle, growth rates over time and comparisons between regions and between products might be altered if some other base period is chosen. If the base year is changed, the consequent changes in relative prices (between products) and in relative purchasing power of money (between countries) may affect key results, e.g. the rate of growth of agricultural production, or the share of each country or region within world agricultural output. The possible effect of the choice of base period can be analysed by computing the same results (e.g. the growth of agricultural output) using some other reference period. Ideally, this should involve changing the base period to a relatively distant time, such as 1961-63. However, this is not possible due to lack of price data for those earlier periods. FAO data in international dollars at world-average producer prices are derived from FAOSTAT data on physical output (available since 1961) and data on domestic prices in both local currency and current US dollars (at market exchange rates), which are only available for the more recent period starting in 1991. There are no values at current prices before that date. Moreover, the economic and monetary upheaval entailed by the collapse of the Soviet block and the subsequent creation of new countries and currencies, many with imperfect statistical reporting and poor price statistics, makes it unadvisable to use data from the early 1990s. For the present purpose we have developed new series for total real agricultural output with two alternative base periods: 1995 and 2010, which can be compared with the official FAO series based on the 2004-06 period (centred on 2005). The three new sets of prices and PPP conversion rates were estimated by means of the iterative procedure described before. The procedure converged quite rapidly. In the case of 1995, by the sixth iteration the maximum percent change between prices of consecutive iterations was down to 0.22%; by the eighth iteration, the maximum percentage change was 0.05%, and by the tenth iteration it was 0.01%. We used the prices and PPP conversion rates resulting from the tenth iteration. Results for 2010 were calculated the same way and converged in a similar manner. The list of countries and products included for 1995 and 2010 was practically the same of [2004] [2005] [2006] , with only some minor changes imposed by data availability. The results of this exercise (Supp .Table 1) show that changing the base from 2004-06 to 1995 or 2010 induces only negligible changes in the real growth rates of world agricultural production. Even if relatively large swings occurred between these periods in agricultural commodity prices and in the relative worth of currencies, the change of base period would cause only minor and generally non-significant changes in the growth rate of real agricultural output. In view of this, we use FAO-STAT estimates based on 2004-06 throughout this study; the conclusions would not be significantly altered by the use of alternative reference periods. 98 Prices estimated as ratio of value of production to tonnage produced, as per FAOSTAT. Non-food products are named in italics. Prices are worldwide output-weighted means of 2004-06 national producer prices in domestic currency, converted into US dollars at purchasing power parity conversion rates. See Rao 1993 for methodology.. 'n.e.s.' = not elsewhere specified. All milk prices refer to whole fresh milk. Meat prices refer to carcass weight of indigenous meat (excluding imported meat). Mangoes include mangosteens (a Malayan fruit).
Using a single set of constant prices that are uniform across countries, expressed in money of uniform purchasing power, corrects both for inflation over time, for differences in relative prices, and for misalignments in exchange rates. Changes in the value of output weighted by those constant and uniform prices express only real output changes. The result is certainly dependent on the choice of base period , but as we have seen this choice does not exert much influence.
Other related technical issues
Countries included in agricultural PPP rates estimation. FAO estimates the value of agricultural production for practically all countries where physical production is reported; only very few are excluded, due to defective statistics. However, the estimation of PPP conversion rates and the corresponding prices in PPP dollars are based on a large set of countries, where a few countries are not included; these exceptions are mainly some countries with poor or non-existent producer price statistics, such as Afghanistan, Mauritania, Sierra Leone or the Democratic Republic of Congo; also a number of small countries and territories (chiefly island countries such as St Lucia, the Solomon Islands or the Seychelles), and some Gulf states with little agricultural production such as Oman, Qatar or Kuwait. As of 2004-06 the PPP estimation was based on 130 countries and 189 products. The resulting world-average prices are used to estimate the value of agricultural production also in those other countries, if the corresponding figures for physical production are available (as is the case in most of them). Product coverage for agricultural PPP value of production. The agricultural sector, broadly defined, includes crops, livestock, hunting, gathering, forestry, and fishery. However, FAO data on the value of agricultural production include only products from crops and livestock. In those sectors the coverage of physical production is practically complete, with only few exclusions due to lack of consistent data across countries; for instance, there are no data on the production of flowers; cultivated meadows and pastures are not considered as a separate category of agricultural production but merged with naturally grown meadows and pastures. Some minor products or by-products, included in FAO estimates of physical production, are not considered in FAO estimates of value of production, especially in cases where several countries fail to report on the quantity, the price, or both; products not included in the series on value of production include animal hides or skins, offals, snails, cassava leaves, hempseed, and a few more; their exclusion does not have a significant impact on total value of production, and even less so on growth rates. And the main purpose of FAO series on PPP value of production is to provide an index of real growth rates of production, even if some minor products are not included. As mentioned before, most data in this paper refer only to products from crops and livestock, excluding fishery and forestry. Even if fish is part of human food, it is excluded here for two reasons: first, our main concern here is land use and land productivity, generally not an issue as regards fisheries; second, available data on the real output of agriculture (FAOSTAT series since 1961 on value of agricultural production at constant and uniform PPP prices) do not include fishery products. Physical fishery production statistics are available; value of production is also available for recent years (e.g. FAO 2012), and FAO produces a Fish Price Index since the 1990s; however, this price index is based on export prices, not on producer prices, and does not use PPP conversion rates. On the other hand, fish and seafood are relatively minor components of worldwide food supply: they provide only 34 kilocalories per person/day (1.18% of dietary energy) and 6% of dietary protein.
Even if forestry is excluded, some hunting and gathering products are in fact included. 'Game meat' is a category in production and value-of-production series (see average PPP price in Supp. Table 2 ) but the coverage is probably incomplete as much hunting goes unreported; likewise some products included in physical and value terms are in part gathered (e.g. mushrooms and truffles). No area harvested is reported, of course, for such gathered wild products. Food and non-food products. Farms produce food and non-food products (examples of non-food: wool, hides, tobacco, jute, cotton lint). FAO's data on value of production show separately total agricultural production and food and non-food products (and also product groups such as cereals or vegetables, and specific products such as milk or wheat). A product is classed as a food product if it is used for food, even if it is also used as animal feed or for other scopes. Thus for instance maize is classified as a food product, although much maize is used as animal feed. It is important to note that stimulants (coffee and tea) are counted as non-food products, though they of course might be included into a broader concept of food and stimulant farm products, or a grouping of all edible products. Other infusions, such as herbal teas and maté (ilex paraguariensis), are counted as food. Primary and processed products. FAO definition of 'agricultural output' for its series on value of production refers mainly to primary farm products such as cereal grains or oilseeds, but include also some products that have undergone some extent of industrial processing, e.g. meat and offals, mostly produced not at farms but at slaughterhouses (some animals are in fact slaughtered in farms, but most livestock producers usually sell live animals, and are paid per head or per kilogram of live weight, whereas meat is valued per kilogram of carcass weight). Prices of meat as sold by slaughterhouses cover of course the producer price of live animals plus a margin for transportation to the slaughterhouse and the cost of killing the animals and producing meat and other by-products such as offals, hides or skins. Likewise, the cotton value of production is expressed by the separate value of cotton seeds and cotton lint, i.e. the ginned products, not by 'seed cotton' which is the actual product harvested at cotton fields (including seed and lint). Cotton seed is food, cotton lint is not.
Producer prices are often thought of as 'farm-gate prices', but not all products are sold at the farm's gate; the more sensible operational definition is 'prices received by producers'. Even for primary farm products, such as grain or vegetables, data may actually refer to prices received by producers at wholesale markets or other points of first sale, and are thus likely to include some margin for transportation to the point of sale. Gross and net output. FAO provides figures at constant prices in agricultural PPP dollars for the value of gross and net agricultural (and food) output. The net output value of a given product in a given country equals gross output minus the intermediate use of the product for seed or feed within the agricultural sector of the same country. Exported products that end up used as feed or seed in other countries are included in the net output of their country of origin, but deducted in the country of destination. The amounts used as seed or feed in a given country may have come from imports; the FAOSTAT metadata explain: 'Deductions for seed (in the case of eggs, for hatching) and for livestock and poultry feed apply to both domestically produced and imported commodities'. Most of the amounts for feed and seed correspond to feed. Seed represents a tiny proportion of gross agricultural or crop output: for cereals it is about 4-5%, somewhat more for tubers (around 10%) and much lower percentages (often approaching zero) for other products such as fruit or vegetables. Agricultural inputs not originated in the farming sector (such as pesticides) are not deducted. Hence FAOSTAT's 'net output value' is not equivalent to agriculture's value added; the only purpose of computing net output is to measure the value of farm output as it leaves the farm sector. Depending on the specific purpose pursued, analysis may focus either on gross or net value of output. Agricultural land. Farm production involves the use of land for growing crops or raising livestock. It includes three major (and mutually exclusive) categories of land use at any particular time:
-Arable land -Land with permanent crops -Permanent meadows and pastures These agricultural uses of land are defined as follows in FAOSTAT's Glossary: -Arable land: Land under temporary agricultural crops (multiple-cropped areas are counted only once), temporary meadows for mowing or pasture, land under market and kitchen gardens and land temporarily fallow (less than five years). The abandoned land resulting from shifting cultivation is not included in this category. Data for 'Arable land' are not meant to indicate the amount of land that is potentially cultivable. -Land with permanent crops: Land cultivated with long-term crops which do not have to be replanted for several years (such as cocoa and coffee); land under trees and shrubs producing flowers such as roses and jasmine; and nurseries (except those for forest trees, which should be classified under 'forest'). -Permanent meadows and pastures: Land used permanently (five years or more) to grow herbaceous forage crops, either cultivated or growing wild (wild prairie or grazing land).
http://faostat.fao.org/site/375/default.aspx It is to be remarked that permanent meadows and pastures include naturally grown grasses as well as cultivated permanent pastures. FAOSTAT's requests from countries the national statistics on permanent meadows and pastures, offering separate headings for natural and cultivated meadows and pastures, but few countries report separate figures for these two kinds land use; thus for world or regional totals the two categories cannot be separated. Unlike crop output (which is unequivocally related to cropland) livestock production is not easily linked to a particular portion of farmland, since livestock feed may come not only from permanent pastures but also from (permanent or temporary) crops, forested land, or other sources. Livestock is fed in various ways. It may graze on permanent meadows and pastures (natural or cultivated), or on temporary crops intended for forage or silage, or be fed fodder mowed from permanent or temporary pastures, or meals made of crop products such as soybean cakes or coarse cereal grain like maize (usually delivered at feedlots), or crop residues, among other kinds of feedstock.
Harvested land is the sum of all areas harvested in a year; for double or triple cropping, each hectare is counted as harvested every time a new temporary crop is harvested during the year. Thus total harvested land may potentially be larger than cropland due to multiple cropping though it may also be smaller due to fallow land, crop failure, or permanent crops still in the growing stage. Cropping intensity is defined as the number of annual harvests of temporary or permanent crops, per unit of cropland; it is estimated as the ratio of harvested area to cropland area. Fallow land has no harvest at all in a single year; the same happens with permanent crops that are still in their growing stage, not yielding any product (e.g. young fruit trees). Most land under crops gives one harvest per year, but some give two or more, from two or more successive crops grown on the same piece of land, which is most often done under irrigation and for short-cycle crops. For counting the number of harvests per year on any piece of land, the general principle for temporary crops is to count one harvest for each successive crop planted and grown along the year. For permanent crops, only one harvest per year is counted; when several gatherings occur from the same standing plants, as is often the case with permanent crops (e.g. when tea leaves are collected at various times during the year from the same tea plants), the whole process is counted anyway as a single harvest. The same principle applies when a temporary crop, e.g. cassava, is gradually harvested as the products gradually mature along the year from the same standing plants: the whole process is counted as a single harvest. In theory, production of permanent crops should be put in relation to the area actually harvested; in other words, only the area under mature permanent crops (yielding some output) must be counted as harvested, excluding areas with plants in the growing stage (e.g. young fruit trees not yet giving any fruit) and other permanent crop plants not harvested in a given year for whatever reason (e.g. plant disease). However, according to FAOSTAT metadata many countries fail to report on the area of permanent crops that is actually harvested; therefore, for permanent crops like coffee or fruit trees, what appears as 'harvested area' may (in some countries) actually refer to total planted area. The discussion of farmland productivity and total agricultural output in the present paper is based on net agricultural production of crops and livestock (not including amounts used as feed or seed, which are used within the agricultural production sector). As regards cropland and crop production, and thus cropland productivity, harvested areas are put in relation to the gross value of crop production, thus including amounts of crop output used for feed and seed (most of which is for feed). Thus the analysis for crops is based on gross crop output, and cropping intensity is defined as the entire area harvested of the various crops (temporary or permanent), divided by total cropland (arable land, plus land with permanent crops). This does not include permanent cultivated meadows and pastures, but it does include areas harvested of temporary crops destined for fodder.
Accounting for agricultural growth
Observed change in agricultural output (measured in economic terms) may be seen as the net result of two main factors: changes in the area of farmland (land devoted to agricultural production), and changes in farmland productivity (value of production per hectare of farmland). Thus agricultural production value is put in relation to total farmland, to estimate farmland productivity. For total agricultural production we can only distinguish between growth attributable to farmland area expansion and growth attributable to increased productivity per hectare of farmland. Regarding crops, we can perform a more detailed analysis, apportioning growth generally attributable to cropland productivity into shares attributable to changes in cropping intensity, crop mix and yields. Cropland might be rain-fed or irrigated, and expansion in irrigated area may alter national output even if the yields, crop mix or cropping intensity stay constant for both irrigated and rain-fed crops. However, available statistics do not tell which crops are grown on irrigated or rain-fed land, but just the total area equipped with irrigation, not even telling whether such area is actually irrigated in a particular year. Thus we are unable to tell the amount of growth attributable to the expansion of irrigation: it is subsumed under the effects of crop mix, cropping intensity and yields. When a new area is put under irrigation, it is cultivated with certain cropping intensity (one or more crops a year), and these crops exhibit a particular crop mix, each of which has a particular yield. Adding new irrigated areas thus modifies the national average crop mix, cropping intensity, and yields. The role of crop mix is not always acknowledged. Total crop output in a country may rise without change in cropland area, crop yields, or cropping intensity, and even without any increase in irrigation, just by a changed allocation of land amongst the various crops, if it implies more land devoted to more valuable crops. The crop output of a region (or of the entire world) may change also when some countries increase their output faster than others, thus changing the geographical distribution of crop output in favour of the expanding countries, even if no country or crop has changed its yields and if no country has modified cropping intensity or cropland area. If domestic or global demand drives farmers to devote, say, more land to soybeans and less land to cereals, total output composition will change, and the value of output may increase or decrease, depending on the yield of each crop and their unit prices, even if prices are held constant over space and time, and even if no crop has changed its average yield and no extra land has been added. Agricultural output measured in economic terms (value of production) may be thus seen as the product of four factors: cropland area, cropping intensity (harvested hectares per hectare of cropland), physical yields (tonnes per harvested hectare) and crop mix (average value per tonne). Suppose one starts with a time series of quantities produced of various products, and these quantities are valued at some set of reference prices. Let the subscript i denote the various agricultural goods; q it the tonnage of good i produced in period t; and π i the reference price per tonne of good i. The value of agricultural output at time t (worldwide or at any country or region), valued at such prices, is then defined as follows: ∑ Let L t denote the total area of farmland at time t. Farmland productivity at time t can be defined as λ t =V t / L t (crop output value per hectare of cropland). The above definition of V t can be thus reformulated as equivalent to farmland area multiplied by cropland productivity:
Assuming that farmland productivity remains constant (λ t =λ 0 ), it is possible to estimate the hypothetical value of agricultural production due solely to changes in the area of farmland, say , as the product of actual farmland used at time t multiplied by the constant initial value of productivity, λ 0 :
The difference between the actual value of production at time t and the hypothetical value of production that would obtain under actual farmland and constant productivity (V t is a measure of the portion of growth attributable to increased farmland productivity. Cropland productivity ( and its impact on crop output growth may be expressed in a similar manner (just substituting cropland for farmland, and crop output for total agricultural output). In this case, moreover, cropland productivity can be further analysed. It may be seen as the product of the number of harvests per cropland hectare, and the value of output per harvested hectare. Let H t denote total harvested area at time t, define β t =V t /H t as harvested land productivity, and let U t =H t /A t be the definition of cropping intensity. Then we have:
Finally, the value of output per unit of harvested area (V/H) is evidently identical to the product of total tonnage of the various crops (denoted by Q t =∑q it ) multiplied by the output-weighted mean price per tonne of the same crops.
5 This defines mean price per tonne: ∑ ∑ Prices π i in this formula are the ones used throughout this paper, i.e. the world-average producer prices of each product i for the period 2004-2006, converted into dollars at agricultural PPP conversion rates. 6 These prices are constant over time and uniform across borders. The average price per tonne, denoted by M t , can only vary over time because of changes in the crop mix, i.e. the proportions between the quantities produced of the various crops (q it ). We may also define the average yield:
Since the value of production per harvested area is the product of the average yield multiplied by the weighted average price of a tonne, we have now:
In other words, the value of crop production at time t is identical to the product of four terms: cropland area, cropping intensity (harvested land/cropland), mean physical yield per harvested hectare, and mean price per tonne. This is an accounting identity: it necessarily holds at all times and places.
The change in V t over time can now be expressed as a function of those four factors. The difference in output between a baseline period (time 0) and a target period (time t) is given by:
All figures for year t may be expressed as the original amount at time 0 plus a finite Let L denote the initial area cropped and let Y be the initial yield. Initial production is represented by the area of rectangle A, which equals the product YL. Suppose yields at a later time t have increa-5 This assumes the harvested output of all crops is measured in tonnes, i.e. by weight, which is normally true. 6 For this purpose, in our case the products considered are only those for which harvested area, physical output, and value of production in PPP terms are all available; this, however, imposes no significant limitation since practically all crop products in FAOSTAT comply with it.
Y+ΔY B D Y
A C 0 L L+ΔL sed to Y+Δ Y and area to L+Δ L , determining an output at time t represented by the area A+B+C+D. The hypothetical output that would obtain at time t as determined by increased yield alone (Y+Δ Y ), assuming constant cropland area L, is the area A+B; the hypothetical output at time t as determined solely by land expansion, at constant yield, is A+C. The fourth rectangle, D, is the result of an interaction of changes in yield and area. In formal terms, if Δ k represents the change of output or input k between time 0 and time t, growth of output V from time 0 to time t would be: 
change in V responds to four main effects (one for each factor individually, keeping all other factors constant), six 2-way interactions (two factors changing and two kept constant), four 3-way interactions (with only one factor constant), and one 4-way interaction of change in all factors. It is expected, however, that most interactions are not significant, especially those of higher order. Over the period 1961-2011 the cumulative net effect of these factors and their interactions shows that yields are the dominant factor, followed by cropping intensity, cropland area, and crop mix (in that order). Interactions explain 25% of growth, but one of them (between cropping intensity and yields, keeping cropland and crop mix constant) explains 12.1%, and the cropland-yield interaction (keeping cropping intensity and crop mix constant) explains another 7.9%; these two interactions explain 20% of total crop output growth, whilst other interactions have a very limited or marginal effect, totalling 5% amongst them all; some of them may simply be discarded because of the inherent imprecisions in output and land data. 
